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(57) ABSTRACT

A method and system are provided for estimating the location
of a mobile radio-communication terminal, the mobile termi-
nal having a plurality of antennas, and being in communica-
tion range of at least one transmitter having a plurality of
antennas, the method comprising; measuring the time of
arrival of a signal transmitted from the M antennas of the at
least one transmitter at each of the N antennas of the mobile
terminal to determine MxN range measurements correspond-
ing to the MxN transmission paths of said signal between the
M antennas of the transmitter and the N antennas of the
mobile terminal; and estimating the location of the mobile
terminal based on the MxN range measurements. The loca-
tion of the mobile terminal may be estimated by applying a
least squares method.

10 Claims, 5 Drawing Sheets
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METHOD AND SYSTEM FOR ESTIMATING
THE LOCATION OF A MOBILE TERMINAL

CROSS-REFERENCE TO RELATED
APPLCIATIONS

This application is the U.S. national phase of the Interna-
tional Patent Application No. PCT/EP2009/062374 filed Sep.
24, 2009, which claims the benefit of European Application
No. 08305605.1 filed Sep. 26, 2008, the entire content of
which is Incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates in general to radio transmis-
sions and in particular to a method and system for estimating
the location of a mobile terminal. The invention further
relates to a location estimation module and a mobile telecom-
munication terminal comprising such a location estimation
module.

BACKGROUND

Localisation of a mobile terminal such as User Equipment
(UE) involves determining an estimate of the geographical
location of the mobile terminal. Location estimation of a
mobile terminal is becoming increasingly important in wire-
less applications since it enables location dependent applica-
tions to be implemented, for example, in location based ser-
vices and context awareness applications. Such services and
applications may include, for example, accessing local emer-
gency services, or providing users with useful information
based on their geographical position such as the location of
the nearest service station or restaurant. Consequently, the
integration of location capability is becoming a mandatory
feature on some UEs.

Existing solutions for localising mobile terminals are
based on the determination of the propagation delay of a given
signal emitted by an antenna of a transmitter (e.g. a Base
Station (BS)) to a given mobile terminal. The determined
propagation delay allows the distance between the transmitter
and the mobile terminal to be calculated and thus the position
of the mobile terminal to be derived by, for example, using
several transmitters and a traditional triangulation method
known to the man skilled in the art.

One existing solution for determining the distance between
a transmitter and a UE using the propagation delay t, is
illustrated in FIG. 1A. This technique is sometimes referred to
as the Time of Arrival (TOA) or One-Way (OW) ranging (i.e.
distance estimation) method. A signal or electromagnetic
wave is sent in the form of packets from a transmitter 11 to a
mobile terminal 12. The transmitter 11 and the mobile termi-
nal 12 are, in this case, synchronized in time as well as
frequency. Assuming that the velocity of the signal (i.e. an
electromagnetic wave) is equal to ¢ and that the propagation
delay of a given transmitted packet is t,, an estimation of the
distance between the transmitter 11 and the mobile terminal
12 may be given by:

d=t/c (1)

1,=1, =T (2)

where T, and T,? are, respectively, the departure time of
the signal from the transmitter 11, and the arrival time of the
transmitted packet at the mobile terminal 12. In this solution,
apacket is sent only in the direction from the transmitter 11 to
the mobile terminal 12.
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In some cases, a transmitter and a mobile terminal may not
have a common clock (i.e. may not be synchronized in time),
because they are located in distant locations to one other. If
there is a time offset At between the clock of the transmitter
and the clock of the mobile terminal, an accurate determina-
tion of the propagation delay t, may be made as depicted in
FIG. 1B by taking this time offset into account. FIG. 1B
illustrates the principle of Two-Way Ranging (TWR) method,
in which a transmitter 11 sends a first data packet to a mobile
terminal 12 and the mobile terminal 12 sends a second packet
to the transmitter 11. The departure time of the first packet
from the transmitter and its arrival time at the terminal are
respectively denoted T, and T,Z. The departure time of the
second packet from the UE and its arrival time at transmitter
arerespectively denoted T,Z and T,*. Using the time offset At
and the propagation delay t:

T+, =T +A

Tei-At=T7P+, &
and, finally:
d=1,/c 5)

(TR - T - (TF -TD)
p:f

The departure time of a packet from a transmitter can be
provided as a time stamp included in the data field of the
transmitted data packet. In the case of the receiver, however,
the receiver of the mobile terminal should be able to accu-
rately estimate the arrival time of the data packet. This may be
done by detecting the first arrival path in the estimated
impulse response of the receiver to the incoming signal.

In telecommunications systems such as 3 G and 3.9 G
systems a wideband signal such as a spread spectrum (SS)
signal with good auto-correlation characteristics is generally
employed. The receiver can thereby estimate the impulse
response with a SS signal embedded in a data packet trans-
mitted from the transmitter. In such a case, the receiver can
select a starting point of a correlation window in the preamble
where the SS signal is embedded. The time occurrence of the
first arrival path is used to indicate the arrival time of the
packet. The first arrival path refers to the path with the shortest
delay in the multi-path profile of the receiver response, and
thus corresponds to the shortest propagation path between the
transmitter and the receiver. The first arrival path detection
method consists thus in detecting at the receiver the first
impulsion of a given impulse response to a received SS signal
as illustrated on FIG. 1C. The receiver should accurately
estimate the time of the first arrival path in order to estimate
the time of arrival of the packet from the transmitter. This
estimation can then in turn give a measurement of the distance
between the transmitter and the receiver. In FIG. 1C, At cor-
responds to the time difference between the starting point of
correlation of arrival of the packet containing the SS signal
and the actual arrival time of the SS signal represented by the
time occurrence of the first impulsion of the receiver
response. Using the time stamp indicating the departure time,
and the time of the first arrival path, the propagation distance
between the transmitter and the receiver may be determined,
and used to estimate the co-ordinates of the receiver.

Existing solutions for estimating the propagation delay
concern Single-In Single Out (SISO) architecture in which
transmitter delimiting a cell is provided with only one antenna
and only one antenna is provided on the receiver (i.e. on the
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UE). Consequently, in the SISO architecture, there is a single
departure point and single arrival point for the signal between
the transmitter and the receiver.

When the mobile terminal is located at the edge of the cell,
due to the long propagation distance between the transmitter
and the mobile terminal, the Signal to Noise Ratio (SNR)
tends to be small. As a result, the noise in the estimated
impulse response becomes more significant leading to inac-
curate first path detection.

Consequently, when the SNR is small, in order to improve
the SNR (in other words, to suppress the effect of noise), the
estimation of impulse response is repeated many times by
transmitting a number of packets from the transmitter to the
receiver in order to determine an average or normal.

FIG. 1D illustrates the first arrival path detection in the case
of'a SISO. Assuming the arrival of the first path in the k-th
estimation of the impulse response as Atk, the average arrival
time of the first path is given by:

K (6)
R 1
A7 = —Arz.
2%

A drawback of this procedure is that since the process
requires K estimation processes of the impulse response, i.e.
K transmissions of a data packet, it leads to an estimation
delay. Furthermore, when the speed of the mobile terminal is
high, the averaging operation leads to a large error in estimat-
ing the time position of the first arrival path. It is desirable,
therefore, that the estimation of the impulse response should
be as quick as possible in order to give accurate first arrival
path detection.

Further errors in location estimation result from the lack of
direct path between the transmitter and the mobile terminal,
otherwise known as non-line of sight (NLOS). This can occur,
for example, in an urban environment, in which an obstacle
such as a building may be located in the path between the
transmitter and the mobile terminal. A signal propagating
from the transmitter to the mobile terminal may be reflected
or scattered by such an obstacle resulting in the signal trav-
elling a greater distance from transmitter to mobile terminal
than the actual distance between the transmitter and the
mobile terminal.

SUMMARY

Accordingly, it would be advantageous to provide a
method of estimating the location of a mobile terminal in
which the process of estimation is carried out with reduced
time delay. It would also be desirable to provide a method of
estimating the location of a mobile terminal in which the
effects of NLOS are minimised and the location of a mobile
terminal can be determined with increased reliability. It
would further be desirable to provide a mobile terminal which
could operate with such a method.

To better address one or more of the foregoing concerns, in
accordance with a first aspect of the invention there is pro-
vided a method of estimating the location of a mobile radio-
communication terminal, the mobile terminal being in com-
munication range of at least one transmitter, at least one of the
mobile terminal and the transmitter having a plurality of
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antenna(s) for transmitting and/or receiving (radio fre-
quency) RF signals, the method comprising; determining the
time of arrival of a signal transmitted from the M antenna(s)
of'the at least one transmitter at each of the N antenna(s) of the
mobile terminal to determine MxN range measurements cor-
responding to the MxN transmission paths of said signal
between the M antenna(s) of the transmitter and the N anten-
nas of the mobile terminal; and estimating, using a least
square method, the location of the mobile terminal based on
the MxN range measurements, where M and/or N=2.

Accordingly, there is less delay in the estimation process
compared to prior art techniques since MxN measurements
may be obtained at a time, i.e. per signal or data packet
transmitted. An estimation of the terminal location may be
provided more quickly, and with less error originating from
time delay in the estimation process when the mobile terminal
is moving around.

In a particular embodiment the location of the mobile ter-
minal is estimated by applying a least squares method based
on measured ranges and estimated ranges. By applying a least
squares technique a more reliable estimation of the geo-
graphical location of the mobile terminal may be obtained.

The least squares method may be based on a minimum
selection technique to select the minimum range measure-
ment of the MxN range measurements for each signal trans-
mission. Such a technique helps to minimise the effects of
NLOS measurements.

A plurality K signals may be sent from the M antennas of
the transmitter (21_j) to N antennas of the mobile terminal
(22) such that KxMxN range measurements are obtained, the
least squares method being minimised through K iterations.

In an embodiment of the invention, a plurality J of trans-
mitters (21_j) each transmit a signal to the mobile terminal
(22) such that IxXKxMxN range measurements are obtained,
the least squares method being minimised through JxK itera-
tions. By increasing the number of transmitters the accuracy
of estimation location may be improved.

In embodiments of the invention:

the location (X,9) of the mobile terminal (22) may be esti-
mated by minimising through JxKxMxN terms, the
least squares expression:

N
mn a an2
Dl - dy &, 9l

n=1

1=

J K
ews =2,
-

J=l k=1lm

where:

d,,™" is the range measurement obtained for each signal trans-
mission path where j represents the transmitter number (1 to
J) of J transmitters where Jz1, k represents the transmitted
signal (1 to K) of K transmitted signals of the j_th transmitter
where K=1, m the transmitting antenna number (1 to M) of the
j-th transmitter provided with M antennas, and n the receiving
antenna number (1 to N) of the mobile terminal (22) provided
with N antennas, and

d;,(%.9) is the calculated range derived from [[x-X]||, where x
are the estimated co-ordinates [x,y]” of mobile terminal (22)
and X are the known co-ordinates [Xj,Yj]T of the j-th trans-
mitter (21_j), where and J=1 and K=1.

the location (X,¥) of the mobile terminal (22) may alterna-
tively be estimated by minimising through JxK terms,
the expression:
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&)

J K
s = ZZFH/( —dp (%, 51)|2

10
the location (X.¥) of the mobile terminal (22) may alterna-

tively be estimated by minimising through JxK terms,
the expression:

15
Z|£~ijk -dn(%, 51)|2

1

N

ers =

K
J=l k=

where:

g 20

b1 ALl MN
d j :rr};n(dj s dR ,djg)

the time of arrival of the signal at each of the N antennas of
the mobile terminal (22) can be measured by detecting
the first arrival path in the respective response of the
respective receiving antenna to a spread spectrum signal
of the transmitted signal.

According to a second aspect of the invention, there is
provided a location estimation module for estimating the
location of'a mobile terminal having a plurality N of antennas,
the module comprising a detector for determining the time of
arrival of a signal transmitted from M antennas of at least one
transmitter at each of the N antennas of the mobile terminal to
determine MxN range measurements corresponding to the
MxN transmission paths of said signal between the M anten-
nas of the transmitter and the N antennas of the mobile ter-
minal; and a processor for estimating the location of the
mobile terminal based on the MxN range measurements.

According to a third aspect of the invention there is pro-
vided a mobile telecommunication terminal comprising a
plurality of antennas for receiving a radio signal from a trans-
mitter and a location estimation module as hereinbefore
described for estimating the location of the mobile terminal.

The method according to the invention may be computer
implemented. The method may be implemented in software
on a programmable apparatus. It may also be implemented
solely in hardware or in software, or in a combination thereof.

Since the present invention can be implemented in soft-
ware, the present invention can be embodied as computer
readable code for provision to a programmable apparatus on
any suitable carrier medium. A tangible carrier medium may
comprise a storage medium such as a floppy disk, a CD-ROM,
a hard disk drive, a magnetic tape device or a solid state
memory device and the like. A transient carrier medium may
include a signal such as an electrical signal, an electronic
signal, an optical signal, an acoustic signal, a magnetic signal
or an electromagnetic signal, e.g. a microwave or RF signal.

A further aspect of the invention provides a telecommuni-
cation system for estimating the location of a mobile telecom-
munication terminal, the system comprising a transmitter
having a plurality of antennas for transmitting and receiving
radio signals; and a mobile telecommunication terminal as
hereinbefore described.
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BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention will now be described, by 65
way of example only, and with reference to the following
drawings in which:—

6

FIG. 1A is a schematic diagram of an example of a time of
arrival ranging method in which a base station and a mobile
terminal have synchronised clocks;

FIG. 1B is a schematic diagram of an example of a two way
ranging method in which a base station and a mobile terminal
do not have synchronised clocks;

FIG. 1C is a schematic diagram illustrating the general
principle of first arrival path detection;

FIG. 1D is a schematic diagram illustrating the utilisation
of first arrival path detection in the case of a single-input-
single output system of the prior art;

FIG. 2A is a schematic diagram of a system for estimating
the location of a mobile terminal according to at least a first
embodiment of the invention;

FIG. 2B is a schematic diagram of a mobile terminal and a
transmitter in accordance with at least a first embodiment of
the invention;

FIG. 3A is a schematic diagram of a mobile terminal and a
transmitter each provided with two antennas;

FIG. 3B is a schematic diagram illustrating the application
of first arrival path detection for the mobile terminal of FIG.
3A;

FIG. 4 is a flow diagram illustrating the steps of a method
for estimating the location of a mobile terminal according to
at least the first embodiment of the invention; and

FIG. 5 is a schematic diagram illustrating a system for
estimating the location of a mobile terminal according to at
least the first embodiment of the invention.

DETAILED DESCRIPTION

A first embodiment of a method and system for estimating
the location of'a mobile terminal 22 according to the invention
will be described with reference to FIGS. 2A to 5. Referring
to FIG. 2A the mobile terminal 22 is in (radio freauency) RF
communication range of a number J of base stations, 21_1,
21_2,...21_j...21_J, positioned at different locations from
the mobile terminal 22. FIG. 2B illustrates in more detail the
mobile terminal 22 and one of the base stations 21_j of the
plurality of ] base stations. Mobile terminal 22 may be a User
Equipment (UE) such as a mobile telephone, a laptop or any
like device. is provided with N antennas for receiving and
transmitting radio waves where N=2, a timing device 221 for
detecting the arrival of signals at the terminal 22 and a pro-
cessor 220 for processing timing information to provide an
estimation of the location of mobile terminal 22. Base station
21_j is provided with M antennas for transmitting and receiv-
ing radio waves where Mz2.

Since the mobile terminal 22 and the base station 21_j are
each provided with a plurality of antennas, the principle of
Multiple-Input and Multiple-Output (MIMO) is employed.
MIMO is the use of multiple antennas at a transmitter and/or
at a receiver to provide multiple signal paths between the
transmitter and the receiver. Such a configuration helps to
improve communication performance and is one of several
forms of Smart Antenna (SA), and state of the art of SA
technology. MIMO technology is advantageous in wireless
communications, since it offers significant increases in data
throughput and link range without additional bandwidth or
transmit power. It achieves this by higher spectral efficiency
(more bits per second per hertz of bandwidth) and link reli-
ability or diversity (reduced fading).

Since in this embodiment of the invention, both the base
station 21_j (i.e. the transmitter) and the mobile terminal 22
(i.e. the receiver) are provided with multiple antennas a plu-
rality of different transmission paths are provided between
the base station 21_1 and the mobile terminal 22, more spe-
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cifically MxN paths or ranges are provided between the M
antennas of the base station 21_1 and the N antennas of the
mobile terminal 22.

For the sake of illustration, an example of the number of
transmission paths provided between a base station 21_1
having 2 terminals and a mobile terminal 22 having 2 termi-
nals is shown in FIG. 3A. In this example the number of
transmission paths between base station 21_1 and mobile
terminal 22 is 4 since there is a first path between base station
antenna M1 and mobile terminal antenna N1, a second path
between base station antenna M1 and mobile terminal
antenna N2, a third path between base station antenna M2 and
mobile terminal antenna N1, and a fourth path between base
station antenna M2 and mobile terminal antenna N2.

For each transmission path, in step S21 of the method
according to the embodiment of the invention, the first arrival
path between the base station 21 and the mobile terminal 22 is
detected. As illustrated in FIG. 3B, in order to detect the first
arrival path, the time occurrence of the first pulse of the
impulse response of the mobile terminal 22 is measured. For
the example illustrated in FIG. 3A this leads to 4 measure-
ments of first arrival path delay At, where At corresponds to
the delay between starting point of correlation T,?, and the
time occurrence of the first pulse and i corresponds to the
transmission path number 1 to 4 between the base station
21_1 and the mobile terminal 22.

In the case of FIG. 2A there are MxN paths, namely MxN
distances or ranges to be measured between the base station
21_j and the mobile terminal 22. The mobile terminal can
detect MxN first arrival paths for each data packet transmitted
from the base station 21_j.

The time required for providing a sufficient number of
measurements to estimate an average arrival time is reduced
with respect to the case of SISO technology since MxN
measurements can be taken from a single packet transmission
instead of repeating MxN separate transmissions as in the
case of single path transmission. The average arrival time
delay of the first arrival path can be given by:

o
A

—1

ot
i=1

where I represents the total number of measurements=MxNx
K, where K is the number of times signal packets are trans-
mitted from the base station 21_j to the mobile terminal 22.

In step S22 of the method of the embodiment, using the
time stamp contained in the data field of the data packet
transmitted from the base station 21_j which indicates the
time of departure of the data packet from the base station 21_j,
the time of occurrence of'the starting point of correlation, and
the detected delay time At of the first arrival path, a distance or
range measurement d,”” can be determined for each of the
MxN transmission paths based on equation (1) where k rep-
resents the data packet transmission number, m the transmit-
ting antenna number (1 to M) of base station 21_j and n the
receiving antenna number (1 to N) of mobile terminal 22. In
this embodiment of the invention it is assumed that the clock
of'the mobile terminal 22 is synchronised with the clock of the
base station 21_j. It will be appreciated that in alternative
embodiments of the invention in which the clocks of the base
station and the mobile terminal are not synchronised with one
another, the time delay between the clocks may be taken into
account, for example, by using a two way ranging technique
and applying equations (3) to (5).
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Steps S21 and S22 of the method are repeated for each
transmitted signal k=1 to k=K, for each of the base stations
i=1toj=l.

In some cases it may be important to take into account the
effect of antenna apertures of the base station 21_j and the
mobile terminal 22. With reference to FIG. 5, the aperture of
base station 21 Db may be relatively large, for example, <10
m, whereas that of mobile terminal 22 Dm can be small, for
example, <several 10 cm. In comparison to the distance
between the base station 21_j and the mobile terminal 22, the
antenna aperture Dm at the mobile terminal 22 is negligibly
small, whereas in this case the antenna aperture Db at the base
station 21_j is less negligible. Therefore, in order to be able to
use the estimated impulse responses for the TOA ranging
measurements with minimum error from the antennas aper-
ture, a relationship in the estimated impulse response among
the antenna apertures, the location of the transmit antenna
element and the arrival time of the first path should be deter-
mined to improve the accuracy of the time of arrival measure-
ments.

In cases where the aperture of the base station 21_j is
negligible with respect to the distance between the base sta-
tion 21_j and the mobile terminal 22 the geographical loca-
tion of the transmitter 21_j may be used as the location of the
antenna element. In both cases, the location of the transmit-
ting antenna element will be dependent on the location of the
transmitter 21_j provided with the transmitting antenna ele-
ment.

In step S23 of the method according to embodiments of the
invention a least squares method may be applied to estimate
the location of the mobile terminal. In a first embodiment of
the invention a least squares (or residual analysis ranking)
method is used to estimate the geographical co-ordinates
(%,9) of the mobile terminal 22 by minimizing through JxKx
MxN terms, the expression:

N . ®)
Dl - dy &, 9

1 n=1

1=

J K
=2,
—

=1 k=1

3
1l

where:

d,,™ is the range measurement determined in the previous
step S22 for each data packet transmission path of each data
packet where j represents the transmitting base station 21_j
where j=1 to J, k represents the data packet transmission
number (1 to K) for the j-th base station, m the transmitting
antenna number (1 to M) of the j-th base station 21_j and n the
receiving antenna number (1 to N) of mobile terminal 22, and
dz(%.9) is the estimated range derived from estimated
co-ordinates=|[x—X||, where x are the estimated co-ordinates
[x,y]¥ of mobile terminal 22 and X are the known co-ordinates
[Xj,Yj]T of the jth base station 21_j, where J=2 and K=1.

By applying a least squares estimation method the errors in
location estimation can be reduced, and the location of the
base station may be used as the location of each transmitting
antenna element of the base station since the distance
between transmitting antennae of base station 21_j are neg-
ligible in comparison to the distance between the base station
21_j and the mobile terminal 22.

In a second embodiment of the invention an alternative
method for step S23 consists in estimating the geographical
co-ordinates (X,¥) of the mobile terminal 22 by minimizing
through JxK terms, the expression:
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In this embodiment an average of MxN range measurements
for each transmitted signal is applied.

A third embodiment of the invention applies an alternative
method for step S23 based on a minimum selection technique
by finding geographical co-ordinates (X,§) of mobile terminal
22 which minimizes through KxJ terms the expression:

~ (1
Z |djk —dp (%, ff)|2

1

N

ers =

K
J=1 k=

with

qmn (12)

S i (gLl MN
dj,(_rrltm(dj s S AR ,djgt)

i.e. for each base station 21_j and for each transmitted signal
k from that base station 21_j a minimum distance measure-
ment from the MxN range measurements is selected.

The advantage of the third embodiment of the invention is
that it minimizes the effect of the NLOS measurements since
an NLOS range measurement will generally be greater than a
LOS range measurement. It will be appreciated that estimat-
ing the location of a mobile terminal according to the embodi-
ments of the invention hereinbefore described may be carried
out partly or entirely by an appropriate module which may be
a hardware device or a computer program product loaded and
run on processing means, for example of the mobile terminal.
It may also be a combination of such a hardware device and
computer program

The method according to the embodiments of the invention
further improves the reliability of location estimation of a
mobile terminal such as a UE for future mobile broadband
systems opening the way for the implementation of location
based services and applications.

The method according to the embodiments of the invention
can find applications in indoor coverage and can provide a
finer analysis for location, and can provide reliable estimates
of the geographical location of a mobile terminal for context
awareness algorithms.

Although the present invention has been described herein-
above with reference to specific embodiments, the present
invention is not limited to the specific embodiments, and
modifications will be apparent to a skilled person in the art
which lie within the scope of the present invention.

For instance, although in the above described embodi-
ments spread spectrum signals and first arrival path detection
are used to measure the time of arrival of a signal at a receiver,
it will be appreciated that in alternative methods and/or signal
formats may be used for measurement of time of arrival of a
signal at a receiver in order to measure the range between a
transmitter and a receiver.

Itwill also be appreciated that the above described methods
may be used in the case where either the transmitter or the
mobile terminal is provided with a plurality of antennas while
the other is provided with a single antenna since multiple
transmission paths will still be provided. For example, the
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above described methods may be employed with a transmitter
having a single antenna and a mobile terminal having a plu-
rality of antennas, or vice versa.

Many further modifications and variations will suggest
themselves to those versed in the art upon making reference to
the foregoing illustrative embodiments, which are given by
way of example only and which are not intended to limit the
scope of the invention, that being determined solely by the
appended claims. In particular the different features from
different embodiments may be interchanged, where appro-
priate.

In the claims, the word “comprising” does not exclude
other elements or steps, and the indefinite article “a” or “an”
does not exclude a plurality. The mere fact that different
features are recited in mutually different dependent claims
does not indicate that a combination of these features cannot
be advantageously used. Any reference signs in the claims
should notbe construed as limiting the scope of the invention.

The invention claimed is:
1. A method of estimating the location of a mobile terminal,
the mobile terminal being in communication range of a trans-
mitter, at least one of the transmitter and the mobile terminal
having a plurality of antennas, the method comprising:
determining the time of arrival of a signal transmitted from
M antenna(s) of the transmitter at each of N antenna(s)
of the mobile terminal to provide MxN range measure-
ments corresponding to the MxN transmission paths of
said signal between the M antenna(s) of the transmitter
and the N antenna(s) of the mobile terminal; and

estimating, using a least square method, the location of the
mobile terminal based on the MxN range measure-
ments, and a predetermined location of the transmitter,
where M and or N =2, and

wherein the location of the mobile terminal is estimated by

minimizing through IXKxMxN terms, the least squares
expression:

J K M N
ers =y >N Id - du & B
i=1

=1 k=1 m=1n=1

where:

d ;™" is the range measurement obtained for each signal

transmission path where

jrepresents the transmitter number (1 to I Yof ] transmitters

k represents the transmitted signal (1 to K) of K transmitted

signals of the j-th transmitter,

m represents the transmitting antenna number (1 to M) of

the j-th transmitter provided with M antennas, and

n represents the receiving antenna number (1 to N) of the

mobile terminal provided with N antennas, and

d;; (&.9) is the calculated range derived from |jx-X]|, where

x are the estimated co-ordinates [x,y]” of mobile termi-
nal and X are the known co-ordinates [Xj,Yj]T of'the j-th
transmitter, where Jz1 and K=1.

2. The method according to claim 1, wherein the time of
arrival of the signal at each of the N antennas of the mobile
terminal is measured by detecting the first arrival path in the
respective response of the respective receiving antenna to a
spread spectrum signal of the transmitted signal.

3. A location estimation module for estimating the location
of' a mobile terminal having a plurality N of antennas, the
module comprising:

a detector for detecting the time of arrival of a signal

transmitted from M antennas of at least one transmitter
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at each of'the N antennas of the receiver to provide MxN
range measurements corresponding to the MxN trans-
mission paths of said signal between the M antenna(e) of
the transmitter and the N antennas of the mobile termi-
nal; and

aprocessor for estimating, using a least square method, the
location of the mobile terminal based on the MxN range
measurements and the location of the at least one trans-
mitter,

wherein the processor is operable to estimate the loca-
tion of the mobile terminal by minimizing through
JxKxMxN terms, the expression:

N
mn a o an2
Dl - di, 9

n=1
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1=
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J
J=1
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where:

d;™ is the range measurement obtained for each signal
transmission path where

j represents the transmitter number (1 to J) of J transmitters

krepresents the transmitted signal (1 to K) of K transmitted
signals of the j-th transmitter,

m represents the transmitting antenna number (1 to M) of
the j-th transmitter provided with M antennas, and

n represents the receiving antenna number (1 to N) of the
mobile terminal provided with N antennas, and

d;; (,9) is the calculated range derived from |x—-X||, where
x are the estimated co-ordinates [x,y]” of mobile termi-
nal and X are the known co-ordinates [Xj,Yj]T of base
station j, where J=1 and K=1.

4. The location estimation module according to claim 3
wherein the detector is operable to measure the time of arrival
of'the signal at each of the N antennas of the mobile terminal
by detecting the first arrival path in the respective response of
the respective receiving antenna to a spread spectrum signal
of the transmitted signal.

5. A mobile telecommunication terminal comprising:

a plurality of antennas for receiving a radio signal from a
transmitter; and

the location estimation module according to claim 3 for
estimating the location of the mobile terminal.

6. A non-transitory computer-readable medium having
computer-executable instructions to enable a computer sys-
tem to perform the method of claim 1.

7. A method of estimating the location of a mobile terminal,
the mobile terminal being in communication range of a trans-
mitter, at least one of the transmitter and the mobile terminal
having a plurality of antennas, the method comprising:

determining the time of arrival of a signal transmitted from
M antenna(s) of the transmitter at each of N antenna(s)
of the mobile terminal to provide MxN range measure-
ments corresponding to the MXN transmission paths of
said signal between the M antenna(s) of the transmitter
and the N antenna(s) of the mobile terminal; and

estimating, using a least square method, the location of the
mobile terminal based on the MxN range measure-
ments, and a predetermined location of the transmitter,
where M and/or N =2, and

wherein the location of the mobile terminal is estimated by
minimizing through JxK terms, the expression:
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K
ers = ZZ |£~ijk —di(&, 51)|2

where
B ;| oMN
@ = 3w 2 2

d,™ is the range measurement obtained for each signal

transmission path where

j represents the transmitter number (1 to J) of ] transmitters,

k represents the transmitted signal (1 to K) of K transmis-

sions for the j-th transmitter,

m represents the transmitting antenna number (1 to M) of

the j-th transmitter provided with M antennas, and

n represents the receiving antenna number (1 to N) of the

mobile terminal provided with N antennas, and

d;; (X.9) is the calculated range derived from [[x—X]|, where

x are the estimated co-ordinates [x,y]” of mobile termi-
nal and X are the known co-ordinates [Xj,Yj]T of'the j-th
transmitter, where Jz1 and K=1.
8. A method of estimating the location of a mobile terminal,
the mobile terminal being in communication range of a trans-
mitter, at least one of the transmitter and the mobile terminal
having a plurality of antennas, the method comprising:
determining the time of arrival of a signal transmitted from
M antenna(s) of the transmitter at each of N antenna(s)
of the mobile terminal to provide MxN range measure-
ments corresponding to the MXN transmission paths of
said signal between the M antenna(s) of the transmitter
and the N antenna(s) of the mobile terminal; and

estimating, using a least square method, the location of the
mobile terminal based on the MxN range measure-
ments, and a predetermined location of the transmitter,
where M and or N =2,

wherein the location of the mobile terminal is estimated by

minimizing through JxK terms, the expression:

ers = ZZ |£~ijk —dp (&, ff)|2

J
=1 k=1

where:

dj =min(d}f. .. . dy"
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d,™ is the range measurement obtained for each signal
transmission path where

j represents the transmitter number (1 to J) of ] transmitters,

k represents the transmitted signal (1 to K) for the j-th

transmitter,

m represents the transmitting antenna number (1 to M) of

the j-th transmitter provided with M antennas, and

n represents the receiving antenna number (1 to N) of the

mobile terminal provided with N antennas, and

d;; (X.9) is the calculated range derived from [[x—X]|, where

x are the estimated co-ordinates [x,y]” of mobile termi-
nal and X are the known co-ordinates [Xj,Yj]T of'the j-th
transmitter, where Jz1 and K=1.

9. A location estimation module for estimating the location
of' a mobile terminal having a plurality N of antennas, the
module comprising:

a detector for detecting the time of arrival of a signal

transmitted from M antennas of at least one transmitter
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at each of'the N antennas of the receiver to provide MxN
range measurements corresponding to the MxN trans-
mission paths of said signal between the M antenna(e) of
the transmitter and the N antennas of the mobile termi-
nal; and

aprocessor for estimating, using a least square method, the
location of the mobile terminal based on the MxN range
measurements and the location of the at least one trans-
mitter,

wherein the processor is operable to estimate the location
of the mobile terminal by minimizing through JxK
terms, the expression:

J K
s = ZZFH/( —dp (%, 51)|2

&)

d,™ is the range measurement obtained for each signal
transmission path where
jrepresents the transmitter number (1 to J) of J transmitters,
krepresents the transmitted signal (1 to K) of K transmitted
signals of the j-th transmitter,
m represents the transmitting antenna number (1 to m) of
the j-th transmitter provided with M antennas, and
n represents the receiving antenna number (1 to N) of the
mobile terminal provided with N antennas, and
d;; (,9) is the calculated range derived from |[x-X||, where
x are the estimated co-ordinates [x,y]” of mobile termi-
nal and X are the known co-ordinates [Xj,Yj]T of base
station j, where J=1 and K=1.
10. A location estimation module for estimating the loca-
tion of a mobile terminal having a plurality N of antennas, the
module comprising:
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a detector for detecting the time of arrival of a signal
transmitted from M antennas of at least one transmitter
at each of the N antennas of the receiver to provide MxN
range measurements corresponding to the MxN trans-
mission paths of'said signal between the M antenna(e) of
the transmitter and the N antennas of the mobile termi-
nal; and

aprocessor for estimating, using a least square method, the
location of the mobile terminal based on the MxN range
measurements and the location of the at least one trans-
mitter,

wherein the processor is operable to estimate the location
&) of the mobile terminal by minimizing through JxK
terms, the expression:

J
ers = Z Z |£~ijk —dp (&, ff)|2
e

where:

T
d i =rrj;;n(dj,(, L, dn

MN
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d,™ is the range measurement obtained for each signal
transmission path where

j represents the transmitter number (1 to J) of ] transmitters,

k represents the transmitted signal (1 to K) of K transmitted
signals of the j-th transmitter,

m represents the transmitting antenna number (1 to M) of
the j-th transmitter provided with M antennas, and

n represents the receiving antenna number (1 to N) of the
mobile terminal provided with N antennas, and

d;; (X.9) is the calculated range derived from [[x—X]|, where
x are the estimated co-ordinates [x,y]” of mobile termi-
nal and X are the known co-ordinates [Xj,Yj]T of base
station j, where Jz1 and K=1.
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